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SUMMARY 

Bare  4340  steel  speeimens  were  initially  coated  with  electroplated  cadmium  and  passivated  in  a 
chromate  solution.  Additional  specimens  were  then  coated  with  chromate  primer  or  chromate 
primer  and  polyurethane  topcoat.  The  respective  roles  of  coatings  were  studied  by  means  of 
bending,  hardness,  fatigue  and  Stress  Corrosion  Cracking  (SCC)  tests  and  examining  the  post¬ 
test  fractographs.  Compared  to  the  bare  metal  samples,  coatings  reduced  the  bending  strength, 
hardness,  and  fatigue  resistance  in  air,  whereas  they  resisted  corrosion  fatigue  in  3.5%  NaCl 
solution.  The  reduction  of  bending  strength,  hardness  and  fatigue  resistance  in  air  is  attributable 
to  hydrogen  embrittlement,  induced  by  the  electroplated  cadmium.  The  better  corrosion  fatigue 
endurance  in  3.5%  NaCl  solution  is  attributable  to  the  protective  action  of  the  passivated 
cadmium  and  organic  coatings  against  the  aggressive  environmental  attack.  On  the  one  hand,  the 
respective  effects  of  the  coatings  on  the  fatigue  resistance  of  bare  4340  steel  were  found  to  be 
similar  in  both  of  the  employed  environments,  air  and  3.5%  NaCl  solution.  The  SCC  resistance 
was  improved  by  each  additional  coating:  lowest  for  the  passivated  cadmium,  intermediate  with 
the  addition  of  the  chromate  primer,  and  greatest  with  the  addition  of  the  polyurethane  topcoat. 
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INTRODUCTION 

Many  aircraft  structural  components  are  made  from  low  alloy  high  strength  steels  with  yield  and 
ultimate  tensile  strength  around  250  and  290  ksi,  respeetively  (references  1  and  2).  One  of  them 
is  4340  steel,  whieh  is  a  Ni-Cr-Mo  low  alloy  steel  that  ean  be  heat  treated  to  reaeh  tensile 
strength  levels  of  approximately  280  ksi.  However,  the  main  drawback  of  high  strength  steels  is 
their  intrinsie  suseeptibility  to  environmentally  assisted  embrittlement  or  eraeking,  sueh  as 
hydrogen  embrittlement.  Stress  Corrosion  Cracking  (SCC),  and  corrosion  fatigue. 

Hydrogen  embrittlement  is  a  proeess  in  whieh  atomie  hydrogen  generated  on  the  steel  surfaee  by 
eathodie  reaetions  diffuses  into  the  mierostrueture  and  degrades  its  meehanieal  properties. 
Consequently,  a  sudden  and  unpredictable  failure  of  the  eomponent  ean  take  plaee.  Atomic 
hydrogen  ean  be  generated  during  eleetroplating  proeesses  or  when  the  steel  eomponents  are 
exposed  to  any  aqueous  fluid  in  serviee  (referenees  3  and  4).  Although  hydrogen  uptake  by  the 
steel  represents  a  potential  problem,  baking  the  eleetroplated  speeimens  enhanees  the  removal  of 
the  absorbed  hydrogen  from  the  steel  and  consequently  a  recovery  of  its  original  meehanieal 
properties  takes  plaee  (referenees  3  and  5).  However,  the  baking  proeess  is  often  eomplieated  by 
slow  diffusion  of  hydrogen  through  the  eleetrodeposit  whieh  ean  trap  the  hydrogen,  making  its 
elimination  diffieult. 

Pores  or  flaws  in  the  saerifieial  eoating  eould  direetly  expose  the  steel  eomponent  to  eorrosive 
fluids,  generating  loealized  galvanie  eells  between  the  steel  and  the  eoating.  As  a  result,  hydrogen 
evolution  and  its  partial  absorption  take  plaee  on  the  steel  surfaee  when  simultaneous  anodie 
dissolution  of  the  eoating  proeeeds.  This  phenomenon  has  been  defined  as  hydrogen  re¬ 
embrittlement  and  arises  during  operating  eonditions. 

SCC  is  failure  by  eraeking  under  the  eombined  aetion  of  eorrosion  and  an  applied  or  a  residual 
stress.  It  is  normally  assoeiated  with  several  mechanisms:  anodic  electrochemical  dissolution  of 
crack  path,  rupture  of  brittle  eorrosion  produet  film  exposing  bare  metal,  and  hydrogen 
embrittlement  (references  3,  4,  and  6).  The  latter  mechanism  of  SCC  is  the  most  likely  for  high 
strength  steels.  The  eraek  path  may  be  either  intergranular  or  transgranular,  depending  on  the 
metal  and  the  corrosive  medium. 

Corrosion  fatigue  is  a  phenomenon  of  eraeking  under  the  eombined  aetion  of  a  eyelie  stress  and  a 
eorrosive  environment.  The  resulting  damage  may  be  a  simple  superposition  of  fatigue  eraeking 
and  corrosion  attack  or  it  may  be  a  more  eomplex  synergistic  interaction  of  these  two  modes.  For 
high  strength  steels,  eorrosion  fatigue  eraek  growth  in  aqueous  environments  appears  to  be 
eontrolled  by  the  rate  of  reaetions  of  the  environment  with  the  newly  ereated  eraek  surfaees 
(referenee  7). 

To  avoid  the  direet  exposure  to  aggressive  environments  and  proteet  the  surfaees  from 
environmentally  assisted  embrittlement  or  eraeking,  high  strength  steel  eomponents  are  usually 
protected  with  eoatings.  The  coatings  can  be  applied  in  a  range  of  ways  including  organic 
coating  by  painting  and  spraying  techniques  (reference  8),  metallie  sputtering,  plasma  vapor 
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deposition  (reference  9),  chemical  vapor  deposition,  hot  dip  galvanizing,  anodizing,  composite 
coatings  (references  10  and  11),  organic  metal  flake  coatings  (e.g.,  Dacromet)  and  electroplating 
with  or  without  conversion  coatings  or  passivations  (reference  12). 

Electroplating  is  commonly  used,  because  it  is  generally  fast,  cheap,  and  effective  in  many 
applications.  A  wide  variety  of  steel  components  are  currently  protected  from  corrosion  using 
coatings  of  electroplated  cadmium.  Cadmium  provides  excellent  corrosion  protection  and  its 
sacrificial  nature  means  that  if  the  coating  is  damaged,  cadmium  will  still  protect  the  steel 
substrate  by  corroding  preferentially.  Cadmium  also  has  excellent  galvanic  compatibility  with 
aluminum  alloys,  which  is  especially  useful  in  aerospace  applications.  All  these  advantages, 
together  with  the  self-lubrication  properties  of  cadmium  which  aids  uniformly  tightening 
threaded  fasteners,  make  this  metal  the  primary  protective  coating  for  aerospace  applications 
(reference  5).  Considering  the  advantage  of  using  cadmium-plating,  there  would  be  value  in 
determining  whether  the  performance  of  the  Cd-plated  steel  can  be  further  improved  by 
alternative  sacrificial  coatings  as  well  as  investigate  the  role  of  primers  and  topcoats  in  SCC  and 
corrosion  fatigue.  This  study  was  initiated  to: 

•  Clarify  the  roles  of  electroplated  cadmium  and  chromate  passivation,  chromated  primer 
and  polyurethane  topcoat  in  the  resistance  of  bare  4340  steel  to  environmentally  assisted 
embrittlement  or  cracking. 

•  Establish  an  optimum  coating  system  for  4340  steel,  which  can  provide  the  best  resistance 
to  environmentally  assisted  embrittlement  or  cracking. 

A  follow-on  effort  is  planned  to  investigate  the  effect  of  a  non-chromate  primer  and  zinc-nickel 
plating  with  non-chromate  passivation  as  alternatives  to  the  chromate  primer  and  cadmium 
plating  with  chromate  passivation. 

EXPERIMENTAL  PROCEDURE 
MATERIAL  AND  SPECIMENS 


As  the  base  or  substrate  material  of  the  specimens,  a  4340  steel  plate  of  2”  x  6”  x  12”  was 
purchased  from  Metalmen  Sales,  Inc.,  New  York,  NY.  Its  chemical  composition  is  shown  in 
Table  1,  and  its  microstructure  in  Eigure  A-1. 
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Table  1:  Chemical  Composition  of  4340  Steel 


Element 

Weight  (%) 

C 

0.42 

Mn 

0.75 

P 

0.013 

S 

0.006 

Si 

0.22 

Cu 

0.17 

Ni 

1.67 

Cr 

0.83 

Mo 

0.21 

A1 

0.03 

V 

0.005 

N 

0.065 

Cb 

0.002 

Sn 

0.009 

Ee 

Balance 

The  plate  was  machined  to  round  tension  test  specimens  in  longitudinal  (L-)  orientation,  Figure 
A-2,  round  hourglass  fatigue  test  specimens  in  L-orientation,  Figure  A-3,  and  square  bar  SCC 
test  specimens  in  L-T  orientation,  Figure  A-4.  The  specimens  of  each  type  were  divided  into  four 
groups,  one  for  the  test  of  bare  specimens  and  the  other  three  for  the  tests  of  plated  or  coated 
specimens. 

COATING 


Three  groups  of  specimens  were  subjected  to  the  following  three  coating  systems,  respectively. 

1.  No.  1  coating  system;  electroplated  cadmium,  hydrogen  embrittlement  relief  treatment 
and  chromate  passivation  per  Aerospace  Material  Specification  AMS-QQ-P-416 
(reference  13). 

2.  No.  2  coating  system;  No.  1  coating  system  and  chromated  epoxy  primer  per  MIL-PRF- 
85582D  Class  C  (reference  14). 

3.  No.  3  coating  system;  No.  2  coating  system  and  gloss  white  polyurethane  topcoat  per 
MIL-PRF-85285E  Type  I  (reference  15) 

[This  is  the  standard  protective  coating  system  currently  used  on  high  strength  steel  Navy 
and  Marine  Corps  aircraft  components.] 
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MECHANICAL  TEST 


Single  edge  notehed,  square-bar  (Charpy)  speeimens,  bare  or  eoated,  were  tested  under  four-point 
bending  at  ambient  temperature  in  a  RSL  1000  SI-Multi-Mode  System,  and  the  bending  fracture 
strength  was  determined  in  air. 

The  Rockwell  C-scale  hardness  of  a  bare  specimen  or  a  substrate  of  surface-treated  specimen  was 
measured  at  ambient  temperature  in  a  Rockwell  Hardness  Tester. 

EATIGUE  TEST 


A  closed-loop  servo-hydraulic  mechanical  test  machine,  MTS,  of  20  kip  capacity,  was  employed 
for  the  fatigue  test.  The  fatigue  test  was  carried  out  with  hourglass  specimens  under  tension- 
tension  cyclic  loading  at  stress  ratio  0.1  and  frequency  10  Hz  in  air  and  aqueous  3.5%  NaCl 
solution  of  pH  7.3.  This  test  followed  the  ASTM  E  466,  Standard  Practice  for  Conducting  Eorce 
Controlled  Constant  Amplitude  Axial  Eatigue  Tests  of  Metallic  Materials  (reference  16). 

STRESS  CORROSION  CRACKING  TEST 


Since  the  cantilever  bend  or  double  cantilever  beam  SCC  test  takes  a  long  time,  an  accelerated 
see  test  (reference  17)  was  conducted  in  a  RSL  1000  SI-Multi-Mode  Test  System.  This  System 
included  a  bending  frame,  a  tensile  loading  frame,  and  an  electrolyte  reservoir,  a  pump  for 
electrolyte  circulation,  a  saturated  calomel  electrode,  a  platinum  counterelectrode,  a  PC,  and  a 
printer.  The  un-precracked,  coated  specimens  were  step-loaded  until  the  load  dropped  in  four- 
point  bending  under  constant  displacement  control,  while  held  at  a  given  potential  in  aqueous 
3.5%  NaCl  solution  of  pH  7.3.  The  load  drop  corresponded  to  the  threshold  stress  intensity  for 
SCC,  Koscc,  for  the  coated  specimen.  The  Kqscc  and  the  net  stress  at  failure,  Onet,  were 
calculated,  using  the  following  equations: 

Koscc  =  aA/7ia*P(a/W) 

Onet  =  My/Inet  =  6M/[B(W-a)2] 


where 

a:  gross  stress  =  6M/BW 
B:  specimen  thickness 
W:  specimen  width 
M:  bending  moment  =  Px 
Inet:  net  moment  of  inertia 
P:  applied  load 
a:  notch  depth  or  crack  length 
x:  moment  arm  length 
y  =  (W  -  a)/2 

P(a/W)  =  1.122  -  1.40(a/W)  +  7.33(a/W)^  -  12.08(a/W)^  +  14.0(a/W)^ 
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Koscc  and  Qnet,  the  threshold  stress  intensity  for  SCC  at  an  un-preeraeked  noteh  and  the  net  stress 
at  SCC  failure,  were  taken  as  the  measures  of  SCC  resistanee  of  the  surface-treated  specimen  in 
this  study. 

FRACTOGRAPHY 


The  bending  fracture,  fatigue  crack  and  SCC  morphologies  were  examined  with  a  JEOL  JSM- 
6460LV  scanning  electron  microscope,  operated  at  an  acceleration  voltage  of  20  kV. 

EXPERIMENTAL  RESULTS 


MECHANICAL  PROPERTIES 


The  measured  bending  strength  and  hardness  are  as  follows: 


Coating  System 

Bare 

No.  1 

No.  2 

No.  3 

Bending  Stress  (ksi) 

373 

351 

333 

340 

Hardness  (Re) 

53 

51 

50 

51 

EATIGUE 


The  stress-life  (S-N)  curves  are  shown  for  the  bare  and  coated  (Nos.  1,  2,  and  3)  specimens, 
fatigue-tested  in  air  and  3.5%  NaCl  solution,  in  Eigures  A-5,  A-6,  A-7  and  A-8,  respectively. 
These  figures  compare  the  fatigue  strengths  in  air  and  3.5%  NaCl  solution  for  the  respective 
coating  systems.  In  all  cases,  the  fatigue  strength  is  lower  and  the  life  is  shorter  in  3.5%  NaCl 
solution. 

In  order  to  compare  the  fatigue  strengths  of  bare  and  coated  specimens  in  air  and  3.5%  NaCl 
solution,  their  stress-life  curves  are  plotted  together  in  Eigures  A-9  and  A- 10,  respectively.  These 
figures  show  that 

•  The  fatigue  strength  is  greater  for  the  bare  specimen  in  air,  but  it  is  greater  for  the  coated 
specimens  in  3.5%  NaCl  solution. 

•  The  stress-life  curves  for  the  coated  specimens  nearly  overlap  each  other  in  both  of  the  test 
environments,  air  and  3.5%  NaCl  solution. 

STRESS  CORROSION  CRACKING 


The  variation  of  threshold  stress  intensity  for  SCC,  Koscc,  and  net  stress,  Onet,  with  applied 
potential,  Vsce,  is  shown  in  Eigures  A- 1 1(a)  and  (b),  respectively.  These  figures  show  that: 
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•  The  see  resistance  is  greatest  with  the  full  coating  system,  intermediate  for  electroplated 
cadmium  with  chromate  primer,  and  lowest  for  electroplated  cadmium  throughout  the 
applied  potentials,  ranging  from  -1.2  to  -0.4  V. 

FRAeTOGRAPH 


A  typical  SEM  fractograph  for  the  No.  2  coating  system,  followed  by  four-point  bending  fracture 
in  air,  shows  mostly  dimples  of  various  sizes  and  scattered  intergranular  facets,  some  with 
secondary  cracks  along  grain  boundaries.  Figure  A-12. 

Typical  SEM  fractographs  for  the  No.  3  coating  system,  fatigue-tested  in  air  and  3.5%  NaCl 
solution,  are  shown  in  Figures  A- 13  and  A- 14,  respectively.  These  figures  indicate  that: 

•  The  fatigue  crack  was  initiated  at  an  inclusion  at  or  near  the  surface  of  the  base-metal  in 
air  and  3.5%  NaCl  solution.  Figures  A-13(a)  and  A-14(a). 

•  In  the  early  stage  of  fatigue  crack  growth,  scattered  intergranluar  cracking  occurred  near 
the  fatigue  crack  initiation  site  in  air  and  3.5%  NaCl  solution.  This  is  evidenced  by 
intergranularly  separated  smooth  grain  facets  and  secondary  cracks  at  the  grain  boundaries 
in  scattered  spots.  Figures  A- 13  (a)  and  A- 14(a). 

•  Within  the  slow  crack  growth  area,  faint  and  poorly  defined  striations  or  striations-like 
features  were  formed  in  air.  Figure  A- 13(b).  On  the  other  hand,  intergranular  cracking  and 
formation  of  brittle  striations  occurred  in  3.5%  NaCl  solution.  This  is  evidenced  by 
intergranularly  separated  grain  facets,  secondary  cracks  at  grain  boundaries  and  brittle 
striations  on  the  fracture  surface.  Figure  A-14(b). 

•  In  the  overload  fracture  area,  microvoid  coalescence  occurred  in  air  and  3.5%  NaCl 
solution.  This  is  evidenced  by  the  dimples  of  various  sizes,  covering  the  entire  fracture 
surface.  Figures  A- 13(c)  and  A- 14(c). 

Typical  fractographs  for  the  No.  3  coating  system,  followed  by  RSF-SCC  test  at  Vsce  =  -1.2  V  in 
3.5%  NaCl  solution,  are  illustrated  in  Figure  A-15.  Figure  A-15(a)  shows  the  coating,  partly 
separated  from  the  substrate,  several  roughly  parallel  cracks,  initiated  from  the  substrate-surface 
and  grown  into  the  substrate,  and  a  subsurface  cracking  zone  of  meridional  plane-shape  below 
the  notch-tip.  It  is  believed  that  3.5%  NaCl  solution  seeped  through  the  parallel  cracks  into  the 
subsurface  cracking  zone  during  the  SCC  test.  The  subsurface  cracking  zone  is  occupied  by 
intergranular  facets  and  secondary  cracks  along  grain  boundaries.  Figure  15(b). 
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DISCUSSION 


FATIGUE  BEHAVIOR 
EEEECTS  OE  COATINGS 

The  stress-life  (S-N)  eurves  for  the  three  eoating  systems  nearly  overlap  eaeh  other  for  the  fatigue 
tests  in  eaeh  of  the  environments  employed,  air  and  3.5%  NaCl  solution,  Eigures  A-9  and  A-10. 
Erom  this  observation,  it  is  clear  that  the  effects  of  the  employed  coatings  on  the  fatigue  strength 
and  life  of  the  bare  specimen  are  similar  in  each  of  the  environments  employed. 

The  Nos.  1,  2,  and  3  coating  systems  lower  the  fatigue  strength  and  life  in  air  compared  to  the 
bare  specimen,  Eigure  A-9.  The  SEM  fractograph  of  No.  3  coating  system  specimen,  fatigue- 
tested  in  air,  shows  scattered  intergranularly  separated  smooth  grain-facets  and  secondary  cracks 
along  grain  boundaries,  Eigure  A- 13(a).  Such  a  fractographic  feature  is  typical  of  SCC  (reference 
18),  hydrogen  embrittlement  (reference  19)  and  corrosion  fatigue  (reference  20).  Since  the 
fatigue  test  was  conducted  in  air,  the  possibility  of  SCC  and  corrosion  fatigue  is  very  slim  or 
none.  Therefore,  it  is  deducible  that  the  reduction  in  fatigue  strength  and  life  is  attributed  to 
hydrogen  embrittlement,  induced  during  the  process  of  the  Cd-electroplating  of  the  No.  3  coating 
system.  The  post-electroplating  baking  was  said  to  have  been  done  per  EPS  430B  (reference  21) 
and  AMS-QQ-416  (reference  13).  Accordingly,  it  is  likely  that  the  specifications  are  not  quite 
adequate  for  the  surface-treatment  done  or/and  the  post  electroplating  baking  process  was  not 
carried  out  correctly.  It  remains  to  be  clarified. 

EEEECT  OP  ENVIRONMENT 

The  fatigue  strength  and  life  are  reduced  in  3.5%  NaCl  solution,  compared  to  those  in  air,  for  the 
bare  and  coated  specimens,  Eigures  A-5,  A-6,  and  A-8.  This  observation  indicates  that  those 
specimens,  bare  and  coated,  are  susceptible  to  corrosion  fatigue  in  3.5%  NaCl  solution.  However, 
the  susceptibility  to  corrosion  fatigue  is  less  for  those  coated  specimens  than  for  the  bare 
specimen,  Eigure  A-10,  indicating  the  protective  role  of  the  coatings  against  corrosion  fatigue. 

MECHANICAE  PROPERTIES 


The  bending  strengths  of  the  coated  specimens  are  lower  than  that  of  bare  specimens  in  air.  In 
addition,  the  fractograph  of  No.  2  coating  system  specimen  (Eigure  A-12),  which  was  fractured 
under  four-point  bending  in  air,  shows  scattered  intergranular  facets.  This  reduction  in  bending 
strength  is  similar  to  that  in  the  fatigue  strength  of  the  surface-treated  specimen  in  air,  Eigure  9. 
Therefore,  it  is  deducible  that  the  reduction  in  bending  strength  and  intergranular  cracking  are 
also  attributed  to  the  hydrogen  embrittlement,  induced  during  electroplating  the  cadmium,  a  part 
of  the  No.  2  coating  system. 

The  hardness  of  the  substrate  of  each  coated  specimen  is  lower  than  that  of  the  bare  specimen. 
This  reduction  in  hardness  is  also  similar  to  that  in  the  fatigue  strength  of  the  surface-treated 
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specimen,  Figure  9.  Therefore,  it  is  deducible  that  the  reduction  in  hardness  is  also  attributed  to 
the  hydrogen  embrittlement,  induced  during  electroplating  the  cadmium,  a  part  of  each  coating 
system. 

STRESS  CORROSION  CRACKING  BEHAVIOR 


It  is  observable  that  each  additional  coating  or  an  additional  layer  of  coating  results  in  a  greater 
see  resistance.  Figure  A-11.  eonsequently,  electroplated  and  passivated  cadmium  provides  the 
least  see  resistance,  an  additional  primer  coating  an  intermediate  resistance,  and  final  additional 
polyurethane  coating  the  greatest  See  resistance  in  3.5%  Naei  solution.  This  may  be  attributed 
to  an  additional  isolation  and  protection  by  an  additional  layer  of  coating  against  the  corrosive 
medium,  3.5%  Naei  solution. 

It  is  also  significant  to  observe  that: 

•  A  cracking  zone  of  meridional  plane-shape  was  formed  below  the  notch-tip  of  a  square  bar 
specimen,  which  was  subjected  to  four-point  bending  at  Vsce  =  -1.2  V  in  a  3.5%  Naei 
solution.  Figure  15(a). 

•  The  cracking  zone  was  occupied  by  intergranular  facets.  Figure  15(b). 

This  observation  evidences  the  initiation  and  propagation  of  intergranular  See  in  a  subsurface 
zone  of  meridional  plane-shape.  Such  a  zone  has  been  known  to  be  formed  by  a  Hertz  line  of 
constant  maximum  shear  stress  under  a  frictionless  load  from  a  rigid  sphere  (reference  22). 
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CONCLUSIONS 

The  effects  of  Nos.  1,  2,  and  3  coating  systems  on  the  fatigue  resistance  of  a  bare  4340  steel 
specimen  are  similar  in  both  of  the  employed  environments,  air  and  3.5%  NaCl  solution.  In  other 
words,  the  chromate  primer  and  polyurethane  topcoat  do  not  provide  additional  protection  to  the 
electroplated  cadmium  with  a  chromate  passivation. 

Electroplating  of  cadmium  induces  hydrogen  embrittlement  and  reduces  the  bending  strength, 
hardness  and  fatigue  resistance  of  4340  steel  in  air,  cracking  the  base-metal  intergranularly. 

Bare  and  coated  4340  steels  are  susceptible  to  corrosion  fatigue  in  3.5%  NaCl  solution,  though 
the  coating  protects  the  substrate  and  mitigates  the  susceptibility  greatly.  The  mechanism  of 
corrosion  fatigue  is  intergranular  cracking. 

The  see  resistance  of  4340  steel  in  3.5%  NaCl  solution  can  be  increased  further  by  adding 
additional  coatings,  such  as  chromate  epoxy  primer  and  polyurethane  topcoat,  on  the 
electroplated  cadmium  with  chromate  passivation.  The  SCC  mechanism  is  intergranular 
cracking,  initiated  and  propagated  in  a  subsurface  meridional  plane-shape  zone,  under  rising  step 
four-point  bending. 
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RECOMMENDATIONS 

Check  whether  the  post  electroplating  baking  process,  specified  in  the  Aerospace  Material 
Specification  AMS-QQ-P-416  and  the  EPS  430B,  Electrolytic  and  Electroless  Plating  Eocal 
Process  Specification,  is  satisfactory  for  the  Cd-electroplating  on  4340  steel. 

Assess  the  impact  of  substitute  primer  and  sacrificial  coating  on  corrosion  fatigue  and  SCC,  in 
particular  leading  alternative  coatings  qualified  to  MIL-PRE-23377  Class  N  and  an  electroplated 
zinc-nickel  alloy  passivated  with  a  trivalent  chromium  solution  which  is  being  field  tested  at 
PRC-Southeast. 

Additional  basic  research  focused  on  the  role  of  each  layer  in  SCC  resistance  is  also  desired  to 
improve  the  basic  understanding  of  the  mechanism  of  these  coatings. 
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Figure  1;  Microstructure  of  4340  Steel 
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G=  1.000  ±0.005” 
D  =  0.250  ±  0.005” 
R  =  3/16” 

A  =  1  Vi” 


Figure  2.  Round  Tension  Test  Specimen 


L  =  3  11/16” 

D  = 

R  =  2.000  ±  0.002” 
B  =  7/8” 

d  =  0.249-0.251” 


Figure  3.  Round  Hourglass  Fatigue  Test  Specimen 
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a  =  0.209” 

W  =  B  =  0.398” 
L  =  2” 
a/W’  =  0.525 


Figure  4.  Square  Bar  Stress  Corrosion  Cracking  Test  Specimen 
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Figure  5:  Stress-Life  Fatigue  Curves  for  Bare  4340  Steel 
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Figure  6:  Stress-Life  Fatigue  Curves  for  No.  1  Surfaee-Treated  4340  Steel 
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Figure  7:  Stress-Life  Fatigue  Curve  for  No.  2  Surfaee-Treated  4340  Steel 
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Figure  8:  Stress-Life  Fatigue  Curves  for  No.  3  Surface-Treated  4340  Steel 
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Figure  9:  Stress-Life  Fatigue  Curves  for  Bare  and  Surfaee-Treated  4340  Steel  Tested  in  Air 
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Figure  10;  Stress-Life  Fatigue  Curves  for  Bare  and  Surfaee-Treated  4340  Steel  Tested  in  3.5%  NaCl  Solution 
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Figure  11;  Variation  of  Threshold  Stress  Intensity  for  SCC  Kqscc  Net  Stress  with  Applied  Potential  VgcE 

(*  ST;  Surfaee  Treatment) 
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Figure  12:  SEM  Fractograph  of  No.  2  Surface-Treated  Specimen,  Fractured  under  Four-Point  Bending  in  Air 
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Figure  13;  SEM  Fractographs  of  No.  3  Surface-Treated  Specimen,  Fatigue-Tested  in  Air 
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Figure  14;  SEM  Fractographs  of  No.  3  Surface-Treated  Specimen,  Fatigue-Tested  in  3.5%  NaCl  Solution 
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Figure  15;  SEM  Fractographs  of  No.  3  Surface-Treated  Specimen,  RSL-SCC  Tested  at  Vgcg  =  -1.2  V  in  3.5%  NaCl  Solution 


APPENDIX 


NAWC  ADPAX/TR-20 1 3/252 


DISTRIBUTION: 

NAVAIRSYSCOM  (AIR-4.3),  Bldg.  2187,  Suite  3340 
48110  Shaw  Road,  Patuxent  River,  MD  20670-1906 
NAVAIRSYSCOM  (AIR-4.3T  -  Jerry  Rubinsky),  Bldg.  2187,  Suite  3322 
48110  Shaw  Road,  Patuxent  River,  MD  20670-1906 
NAVAIRSYSCOM  (AIR-4.3.4  -  Kevin  Kovaleski),  Bldg.  2188 
48066  Shaw  Road,  Patuxent  River,  MD  20670-1908 
NAVAIRSYSCOM  (AIR-4.3.4.1  -  Robert  Kowalik),  Bldg.  2188 
48066  Shaw  Road,  Patuxent  River,  MD  20670-1908 
NAVAIRSYSCOM  (AIR-4.3.4.1  -  Eun  U.  Lee),  Bldg.  2188 
48066  Shaw  Road,  Patuxent  River,  MD  20670-1908 
FRC/ISSC  Jaeksonville  (AIR-4.3.4  -  John  Yadon) 

Naval  Air  Station,  Jaeksonville,  FL  32212 
FRC/ISSC  Jaeksonville  (AIR  4. 3. 4. 6  -  John  Benfer) 

Naval  Air  Station,  Jacksonville,  FL  32212 
FRC/ISSC  Jacksonville  (AIR  4. 3. 4. 2  -  Luzmarie  Youngers) 

Naval  Air  Station,  Jacksonville,  FL  32212 
Office  of  Naval  Research  (Code  35  -  William  Nickerson) 

875  N.  Randolph  St.,  Room  1 143B,  Arlington,  VA  22203 
NAVAIRWARCENACDF/  (4.12.6.2),  Bldg.  407,  Room  116 
22269  Cedar  Point  Road,  Patuxent  River,  MD  20670-1120 
DTIC 

8725  John  J.  Kingman  Road,  Suite  0944,  Ft.  Belvoir,  VA  22060-6218 


